Introduction
============

Growing polymer brushes from a surface is an attractive method for tailoring the physicochemical properties of an interface. These include adhesion, friction, wettability and biocompatibility.[@cit1] Moreover, the use of surface-initiated reversible deactivation radical polymerization (SI-RDRP), also known as surface-initiated controlled radical polymerization (SI-CRP), for polymer-brush preparation can be considered as one of the major advances within this field, due to the excellent control it offers over both architecture and functionality.[@cit2]

Atom transfer radical polymerisation (ATRP) has been extensively used in polymer-brush preparation due to its extremely robust and versatile nature.[@cit3] Unfortunately, a thorough understanding of SI-RDRP kinetics has remained elusive due to a general lack of appropriate analytical tools to monitor the growth of polymer brushes in real time. The kinetic aspects of SI-RDRP have been principally studied *ex situ* by measuring the dry thickness of polymer brushes after various reaction times, using different surface-sensitive analytical methods (*e.g.* atomic force microscopy, ellipsometry).[@cit4],[@cit5] As an alternative, free initiator is commonly added to the reaction mixture, with the aim of studying SI-RDRP kinetics indirectly, making the assumption that the free polymers grown in solution resemble those grown from the surface.[@cit6],[@cit7] In contrast to the polymer chains growing in solution, those growing from surfaces experience a drastic reduction in degrees of freedom, which can significantly influence their growth kinetics.[@cit8],[@cit9] The effect of surface grafting on ATRP kinetics has been studied by degrafting the polymer chains from surfaces using initiators that are capable of undergoing on-demand bond-fission.[@cit10]--[@cit12] Recently, Kang *et al.*[@cit13] used a photo-cleavable SI-ATRP initiator to observe that the molar mass of the detached polymer chains was relatively lower than that of the polymers grown in solution, as a consequence of surface-induced crowding[@cit8] and early chain termination.[@cit9] Others have shown that under some circumstances, the surface-bound chains can actually have higher molar mass than their solution-grown counterparts.[@cit14] Nevertheless, although useful, this approach also represents a *post mortem* analysis, and cannot provide insights into the kinetics (and changes thereof) during the growth process.

Thus, there remains a need for a robust and versatile analytical technique, capable of monitoring the growth of polymer brushes in real time. Commonly used for studies of interfacial processes[@cit15] or biomolecular interactions,[@cit16],[@cit17] the quartz crystal microbalance (QCM) has potential in this regard because of its ability to monitor changes in added mass in real time,[@cit18] yielding details about the properties of the film grown on the sensor surface.[@cit19],[@cit20] In the past decade, the instrument has gained increased attention from polymer scientists, who have utilized it to follow conformational changes[@cit21],[@cit22] or the sensor potential[@cit23] of grafted polymer chains. QCM has also been used to study the real-time growth of polymer brushes using surface-initiated polymerisation.[@cit24]--[@cit29] The applicability of QCM in understanding the effect of various reaction parameters such as monomer structure,[@cit27] initiator density[@cit25],[@cit26] and Cu([i]{.smallcaps})/Cu([ii]{.smallcaps})[@cit28] ratio on the SI-ATRP kinetics has been effectively demonstrated over the last decade. Notably, the need for a continuous flow through the confined cell environment to exclude concentration effects during the progress of polymerisation was demonstrated by Ma and coworkers.[@cit26],[@cit27] However, many questions still need to be answered to gain a clear understanding of the complex characteristics of SI-ATRP. QCM has been utilized previously in our laboratory to monitor polymer-brush growth by means of photo-iniferter-mediated polymerisation[@cit30] and various grafting-to systems[@cit31] but the focus of these studies was on understanding film structure and solvation.

Here we present a kinetic study of the SI-ATRP of 2-hydroxyethyl methacrylate (HEMA) by exploiting the mass-frequency relationships in QCM, whereby the increase in adsorbed mass can be directly related to the adsorbed combined mass of both brush and trapped solvent and hence to polymer-brush growth. Experiments were typically carried out under a continuous flow of reaction mixture using a flow module coupled with a multiposition selection valve for a clean switching of reaction mixtures without affecting the flow. Furthermore, the effect of continuous flow on the polymerization kinetics was examined by carrying out the polymerization with and without flow. The influence of various reaction parameters such as temperature, monomer and catalyst concentration were examined in detail to understand the polymerization kinetics. In this way, polymerization protocols could be designed that offer excellent control over polymer-brush growth, as demonstrated by the linear decrease in frequency as a function of polymerization time. Multiple reinitiation with the same monomer, *i.e.* the synthesis of homoblock systems, was examined, so as to eliminate the effects of monomer-dependent kinetic variation, and to be able to focus on the issues of reinitiation and switching. The applicability of QCM in layered-structure fabrication was demonstrated *via* the formation of homopolymer blocks upon multiple reinitiations, which could be performed without any significant loss in reactivity. This is an essential first step before heteroblock structure synthesis can be contemplated.

Results and Discussion
======================

Immobilisation of a SI-ATRP initiator onto QCM sensors was carried out in a similar way to a previously established procedure.[@cit32] In brief, α-bromoisobutyryl bromide was conjugated to a monolayer of (3-aminopropyl)triethoxysilane on SiO~2~-coated QCM sensors. The modified sensors were placed inside QCM flow-cells and an incomplete (catalyst-free) reaction mixture (IRM; *i.e.* HEMA + water + ligand) was flowed through them at a rate of 10 mL h^--1^ using a peristaltic pump. After the establishment of a stable baseline, the medium was switched from the IRM to the complete reaction mixture (CRM; *i.e.* IRM + catalyst) using a multi-position selection valve to initiate the polymerisation. The reaction was allowed to proceed for one hour and was terminated by switching the reaction medium back to IRM. A supplementary cell was placed in series with the working QCM cells, carrying a dummy sensor (an ATRP-initiator-modified Si wafer, cut into the shape and size of a QCM sensor), in order to perform additional *post mortem* characterisation by means of atomic force microscopy (AFM), ellipsometry and FTIR spectroscopy. A schematic illustration of the experimental setup is presented in [Fig. 1a](#fig1){ref-type="fig"}.

![(a) QCM flow setup used for the *in situ* SI-ATRP kinetic study of HEMA polymer-brush growth in water. The black substrate in cell \#1 represents the dummy sensor (ATRP-initiator-modified Si wafer, cut into the shape and size of a QCM sensor) (b) frequency changes measured *in situ* by QCM during SI-ATRP of 1 : 1 HEMA/water mixture at 25 °C, first without catalyst, then with catalyst, in both the absence (static) and presence (dynamic) of flow, and then without catalyst again.](c8ra03073a-f1){#fig1}

Although SI-ATRP has previously been carried out within a QCM under flow, the influence of flow on the reaction kinetics has not been reported.[@cit26],[@cit27] In order to address this issue, which is crucial for any subsequent application in block-copolymer fabrication, SI-ATRP was carried out in CRM for 30 minutes under static conditions and then continued for another 30 minutes under a flow of 10 mL h^--1^ with CRM and *vice versa*. For these experiments, IRM solutions were prepared by dissolving the ligand (2,2′-bipyridyl, bpy) in a 1 : 1 HEMA/water mixture, while the CRM solutions were prepared by dissolving CuCl and CuBr~2~ into IRM solution. The growth of polymer brushes was monitored *in situ* by the change in frequency, as measured by QCM. A linear decrease in frequency (--Δ*F*) was observed, indicative of an increase in effective mass with time due to increasing polymer-brush thickness. The reaction profile did not show a difference when the system was switched from the static (without flow) to the dynamic (with flow) mode. This clearly establishes the potential of the flow system for monitoring many interesting processes, such as layered-structure formation and post-polymerisation modification. The controlled nature of any ATRP process is a result of the equilibrium between dormant polymer chains and active radical species. Therefore, any environmental factor (such as solvent, monomer, initiator and temperature) that can influence this equilibrium is critically important in understanding the reaction kinetics. To gain a better understanding of SI-ATRP kinetics, the effect of the catalyst concentration on the SI-ATRP kinetics in a 1 : 1 HEMA/water mixture was studied at 25 °C in a range of 40--100% relative catalyst concentration. The exact catalyst composition of the various reaction mixtures are presented in the SI ([Table 1](#tab1){ref-type="table"}). The segments of the Δ*F*--*t* plots representing the propagation of the polymerisation are presented in [Fig. 2a](#fig2){ref-type="fig"} (full data shown in the ESI[†](#fn1){ref-type="fn"}). In all cases a steady linear decrease in frequency (--Δ*F*) was observed as a function of the polymerisation time, representing a linear increase in effective mass, indicating a controlled growth of grafted polymer chains. The slope of the Δ*F*--*t* plots was in general found to increase upon increasing catalyst concentration, representing an increase in the overall rate of polymerisation. However, this effect was found to diminish somewhere above 70% catalyst concentration. This diminishing effect of catalyst concentration on the SI-ATRP kinetics could be the result of Cu^I^-induced catalytic radical termination.[@cit33]

###### Dry and swollen thicknesses in Milli-Q water of polymer brushes, prepared with different catalyst concentrations and 1 : 1 HEMA/water mixture, as measured by both AFM and ellipsometry at room temperature

  Catalyst conc. (%)   AFM (dry thickness, nm)   AFM (swollen thickness, nm)   Ellipsometry (dry thickness, nm)   Ellipsometry (swollen thickness, nm)   AFM swelling ratio[^*a*^](#tab1fna){ref-type="table-fn"}   Ellipsometry swelling ratio[^*a*^](#tab1fna){ref-type="table-fn"}
  -------------------- ------------------------- ----------------------------- ---------------------------------- -------------------------------------- ---------------------------------------------------------- -------------------------------------------------------------------
  40                   22                        27                            30 ± 2                             57 ± 4                                 1.2                                                        1.9
  70                   46                        61                            55 ± 3                             88 ± 3                                 1.3                                                        1.6
  100                  48                        60                            58 ± 4                             87 ± 5                                 1.3                                                        1.5

^*a*^Swelling ratio defined as *T*~swollen~/*T*~dry~.

![Frequency variation measured in real time by QCM during SI-ATRP carried out under continuous flow of CRM, with different relative catalyst concentrations and 1 : 1 HEMA/water mixture at 25 °C (a), and at different reaction temperatures with 100% relative catalyst concentrations and 7 : 3 HEMA/water mixture (b).](c8ra03073a-f2){#fig2}

In addition, *ex situ* characterisation of the grafted polymer brushes was carried out using FTIR spectroscopy, ellipsometry and AFM ([Table 1](#tab1){ref-type="table"} and ESI[†](#fn1){ref-type="fn"}). Both the dry and swollen thicknesses of the polymer brushes, measured by ellipsometry and AFM, exhibited a significant increase when the catalyst concentration was increased from 40 to 70% but the increase was less significant upon increasing the concentration from 70 to 100%, which is consistent with the QCM kinetic study ([Fig. 2a](#fig2){ref-type="fig"}). It should be noted that the dry and swollen thickness values measured by AFM were lower than those measured by ellipsometry, which could be due to the compression of the coatings by the AFM tip during measurement.[@cit34]

The temperature of the reaction medium is clearly another factor that will greatly influence the overall kinetics of ATRP.[@cit35] In order to understand the effect of reaction temperature on the SI-ATRP kinetics, the reaction was performed at 25 °C, 35 °C and 45 °C (at a relative 100% catalyst concentration) using a 7 : 3 HEMA/water mixture ([Fig. 2b](#fig2){ref-type="fig"})---chosen for its slow and well-controlled polymerisation profile ([Fig. 3](#fig3){ref-type="fig"}), which will be discussed in detail in the following section. The segments of the Δ*F*--*t* plots representing the progress of the polymerisation are presented in [Fig. 2b](#fig2){ref-type="fig"}. A more rapid decrease in frequency, demonstrating faster growth of the polymer brush as a function of time, was observed with an increase in reaction temperature. Despite the strong reaction-rate enhancement, the linear Δ*F*--*t* relation in all three cases demonstrated the existence of controlled SI-ATRP throughout our working temperature range.

![SI-ATRP of HEMA at 25 °C with different relative monomer concentrations and 100% relative catalyst concentration, studied by recording the frequency change in real time using QCM. The dry thickness (error bars within the range of 0.1 to 0.5 nm) of the polymer brushes measured *ex situ* by ellipsometry at different times are overlaid with the Δ*F*--*t* plots in the corresponding colours.](c8ra03073a-f3){#fig3}

In a second study, the effect of monomer concentration on the polymer-brush growth was examined by carrying out experiments with a varying HEMA-to-water ratio (v/v) from 7 : 3 to 3 : 7, while maintaining other reactant concentrations unchanged (at a relative 100% catalyst concentration and 25 °C). The growth of the polymer brushes was monitored *in situ* by QCM in all cases and the polymerisation segments of the Δ*F*--*t* plots are presented in [Fig. 3](#fig3){ref-type="fig"} (full data shown in the ESI[†](#fn1){ref-type="fn"}). Two points emerge from the comparison of the polymerisation profiles: (i) the rate at which the frequency drops, increasing with decreasing monomer concentration or with increasing relative water content in the reaction mixture, indicates a faster rate of polymerisation; (ii) the linear decrease in frequency, representing a controlled growth of polymer brushes, was observed when the polymerisation was carried out at HEMA to water ratios of 7 : 3 and 1 : 1. However, this linearity was lost when SI-ATRP was performed with a 3 : 7 HEMA/water mixture, indicating the loss of control of polymer-brush growth.

To better understand this phenomenon, we studied the growth of the polymer brushes *ex situ* by measuring the dry thickness of the grafted thin films at different times by means of ellipsometry. The *ex situ* study also exhibited a similar trend, in which the dry thickness increased with an increase in relative water content in the reaction mixture, as shown in [Fig. 3](#fig3){ref-type="fig"}. Considering zero brush thickness at the onset of polymerisation, a nonlinearity could be seen in the case of 7 : 3 HEMA/water mixture while the linearity is maintained in the other two cases, as was observed when polymerisation was performed *in situ* ([Fig. 3](#fig3){ref-type="fig"}). Similar water-induced acceleration for SI-ATRP has also been observed by others when growing poly(HEMA) brushes from a gold surface.[@cit36] In 2004, Matyjaszewski *et al.*[@cit37],[@cit38] demonstrated that ATRP reactions are usually fast in aqueous media and exhibit a dramatic acceleration, associated with a loss of control, when the water content in the reaction mixture was increased. The accelerated kinetics were attributed to the inefficient deactivation of the active radicals, due to a displacement of the halide ligands from the ATRP deactivator Cu([ii]{.smallcaps})L~*n*~X by water molecules. Thus, it is reasonable to assume that the effect of the relative amount of water in the medium outweighs the effect of monomer concentration, resulting in an increase in the polymerisation rate, even though the monomer concentration was reduced.

In addition to its control over both molar mass and dispersity, one very important feature of ATRP is its ability to undergo multiple reinitiation steps, which in turn allows the formation of a variety of complex macromolecular architectures with diverse compositions.[@cit39]--[@cit43] This feature of ATRP has also been demonstrated for SI-ATRP by others to construct block-copolymer brushes from a number of different surfaces.[@cit44]--[@cit46] However, the present flow system clearly has some advantages over previous work thanks to the possibility of clean switching between monomer mixtures without affecting the polymerization process. Specifically, in previous studies, reinitiation was performed by stopping the reaction, cleaning the polymer film, drying and analyzing the surface, followed by further initiations. This can result in new chain growth from the unreacted initiators remaining on the surface.[@cit47]

In order to have a clearer understanding about the reinitiation efficiency of SI-ATRP, an experiment using 1 : 1 HEMA/water mixture (at a relative catalyst concentration of 100% and 25 °C reaction temperature) was carried out where the polymerisation was interrupted and reinitiated multiple times by switching the CRM solution to IRM solution and *vice versa*, resulting in a staircase-like growth profile in the QCM plot ([Fig. 4b](#fig4){ref-type="fig"}). The CRM solution at each step was injected only after a stable baseline was established with the IRM solution. A monotonic, linear decrease in the frequency as a function of time, observed at each step of polymerisation, demonstrates a controlled growth of polymer brush at each stage. More interestingly, repeated cycles of interruption and initiation produced very similar polymerisation profiles without any significant decrease in the rate of polymerisation (the slope of the polymerisation profiles changed from 7.57 to 7.38 to 6.65). Since the reactant concentrations were maintained unchanged at each initiation stage by flowing the same CRM solution, the observed change in the rate of polymerisation could be related to the loss of available initiating sites ([Fig. 4c](#fig4){ref-type="fig"}) due to the sudden termination of active radical centers upon interruption of the polymerization process, caused by a sudden dilution of Cu([ii]{.smallcaps})X~2~ upon replacement of CRM with IRM. Most importantly, the availability of the initiating sites was close to 90% at the 3^rd^ initiation. This high degree of initiation-site preservation for SI-ATRP after interruption under continuous flow is higher than values previously reported by Kim *et al.*[@cit46] (85--90%) under stagnant conditions.

![Schematic illustration of the block-wise growth of poly (HEMA) brush due to multiple initiations and terminations (a). Multiple initiations and terminations, caused by repeated switching of CRM and IRM solutions, recorded *in situ* by QCM during SI-ATRP of 1 : 1 HEMA/water mixture with 100% relative catalyst concentration at 25 °C (b). Available initiating sites calculated from the slopes of the polymerization profiles after each initiation (c).](c8ra03073a-f4){#fig4}

Conclusion
==========

QCM was employed in this study to examine the effect of various reaction parameters on the growth kinetics of poly(HEMA)-brushes prepared, continuously or with reinitiations, by SI-ATRP from modified SiO~2~-coated quartz crystals. The time-resolved mass-frequency correlations, obtained from QCM measurements of SI-ATRP carried out at different temperatures, catalyst concentration, monomer concentration, and solvent polarity, provided an insight into the kinetics of SI-ATRP and helped in choosing reaction parameters for rapid, well-controlled brush growth. The inclusion of the additional switching valve in the flow module facilitated multiple initiations and terminations and hence the construction of homopolymer blocks (and by extension, the potential for block-copolymer synthesis) by switching the reaction mixtures. This approach, together with QCM\'s utility for studying SI-RDRP kinetics *in situ* makes it a powerful tool for designing polymerization protocols for the controlled growth of multiblock polymer-brush architectures.

Experimental section
====================

Materials
---------

α-Bromoisobutyryl bromide (98%), (3-aminopropyl)triethoxysilane (97%), dichloromethane (99.8%, extra dry), triethylamine (≥99.5%), copper([ii]{.smallcaps}) bromide (99%), 2,2′-bipyridyl (≥99%) were purchased from Sigma Aldrich (Germany) and used as received. 2-Hydroxyethyl methacrylate (≥99%) was purchased from Sigma Aldrich (Germany) and passed through a basic alumina column before use, to remove the hydroquinone inhibitor. Cu([i]{.smallcaps}) chloride was purchased from Sigma Aldrich and was purified by stirring overnight in glacial acetic acid, filtered, washed several times with acetone, and finally dried under vacuum. Silicon wafers (P/B ) chloride was purchased from Sigma Aldrich and was purified by stirring overnight in glacial acetic acid, filtered, washed several times with acetone, and finally dried under vacuum. Silicon wafers (P/B 〈100〉) were purchased from Si-Mat Silicon Wafers (Germany) and SiO100) chloride was purchased from Sigma Aldrich and was purified by stirring overnight in glacial acetic acid, filtered, washed several times with acetone, and finally dried under vacuum. Silicon wafers (P/B 〈100〉) were purchased from Si-Mat Silicon Wafers (Germany) and SiO) were purchased from Si-Mat Silicon Wafers (Germany) and SiO~2~-coated QCM sensors were purchased from Q-Sense (Sweden).

Methods
-------

### Immobilisation of ATRP initiator

SiO~2~-coated sensors and the Si-wafers were cleaned by sonicating them for 10 minutes each in toluene and isopropanol, followed by ozone treatment (UV/Ozone ProCleanerTM and ProCleanerTM Plus, BioForce, (USA)) for 35 minutes. The UV-treated samples and 0.1 mL (3-aminopropyl)triethoxysilane were then placed inside a desiccator, which was evacuated for one hour using a high-vacuum pump. The vacuum was maintained for an additional two hours after the pump had been switched off. The substrates were then washed with toluene, dried under N~2~ and placed inside an Erlenmeyer flask equipped with a rubber septum. The flask was then purged with N~2~ gas for 5 minutes and then charged with 10 mL dry DCM, 0.1 mL triethylamine and 0.1 mL α-bromoisobutyryl bromide and kept under argon atmosphere for 3 hours. Finally, the substrates were washed with DCM, dried under N~2~ gas and used to carry out SI-ATRP.

### Surface-initiated atom transfer radical polymerisation

#### (a). SI-ATRP inside QCM

To prepare the IRM solution, 762.5 mg of 2,2′-bipyridyl (bpy) was dissolved in 25 mL 1 : 1 HEMA/water mixtures and deoxygenated by bubbling nitrogen gas for 30 minutes. After that, 15 mL of the IRM solution were transferred to a flask kept under N~2~ and containing 103.2 mg CuCl (1.032 mmol) and 67 mg CuBr~2~ (0.298 mmol). This catalyst concentration is designated to be 100% with respect to the total volume of the CRM solution, and in some experiments the concentration was varied. This solution was then stirred for another 30 min to allow the formation of the catalyst complex---characterised by the formation of a dark-brown solution. The QCM flow cells equipped with the initiator-modified, SiO~2~-coated sensors and the dummy sensor were then charged with the IRM solution with a constant flow rate of 10 mL h^--1^. As soon as a stable baseline was established, the polymerisation was initiated by switching the medium from IRM to CRM using a multi-position selection valve (Vici, model no.: EUHA, Serial no.: EUA08048, Valco Instruments, Houston, Texas, USA) and finally the polymerisation was stopped by switching back to IRM. Finally, the sensors and the Si-wafer (dummy sensor) were taken out of the cell, washed several times with water, ethanol and dried under a N~2~ stream.

The effect of monomer concentration was studied by carrying out SI-ATRP at 25 °C in 7 : 3, 1 : 1 and 3 : 7 HEMA/water mixtures. In all cases, the amount of ligand and catalyst (100%) were kept similar with respect to the total volume of the reaction mixture. The effect of catalyst concentration was studied by performing SI-ATRP at 25 °C with a 1 : 1 HEMA/water mixture. The concentration of ligand and catalyst was varied from 100 to 40% with respect to the total volume of the reaction mixture. Similarly, the effect of temperature was studied with 7 : 3 HEMA/water mixture at 100% catalyst loading, where the temperature was varied from 25 to 45 °C.

#### (b). SI-ATRP from Si wafers

The CRM solution was transferred to the flasks kept under N~2~ and containing initiator-modified Si-wafers, in order to initiate the polymerisation. The polymerisation was carried out for different lengths of time and finally the substrates were taken out, washed several times with Milli-Q water, ethanol and dried under a N~2~ stream and finally used for further experiments.

Characterisation
----------------

To obtain infrared spectra, poly(HEMA)-modified silicon wafer samples were measured on a Vertex 70 FT-IR microscope (Bruker, Fällanden, Switzerland) with a spectral range of 4000 cm^--1^ to 375 cm^--1^ under a continuous flow of nitrogen. Reference spectra were recorded just prior to the actual measurement. OPUS spectroscopy software (version 6.5, Bruker, Fällanden, Switzerland) was used for data processing.

Variable-angle spectroscopic ellipsometry, (VASE) M-2000F (LOT Oriel GmbH, Darmstadt, Germany) was used to measure polymer film thicknesses, both in air and in Milli-Q water, using a custom-built liquid cell. Determination of *Ψ* and *Δ* as a function of wavelength (275--827 nm) was carried out by employing the WVASE32 software package (LOT Oriel GmbH, Darmstadt, Germany). The brush-supporting substrates were in all cases considered as consisting of silicon with a 2 nm-thick silicon dioxide film. The analysis of the brush layers was performed on the basis of a Cauchy model: *n* = *A* + *Bλ*^--2^ where *n* is the refractive index, *λ* is the wavelength and *A* and *B* were assumed to be 1.45 and 0.01, respectively, as values for transparent organic films.

For measuring the thickness of the films in water, the swollen poly(HEMA) layer was fitted by a two-component effective-medium-approximation (EMA) model, consisting of a Cauchy and a water component. In this medium, a layered model (Si/SiO~2~/EMA-poly(HEMA)/water-ambient) was used to determine the swollen thickness of the POEGMA layer. In this case, fitting was performed by considering thickness (*T*), and water content (*w*) of the EMA-POEGMA layer as fitting parameters.

AFM step-height images of coatings were taken using a Bruker Icon Dimension in air and Milli-Q water using TappingMode® and PeakForce® tapping modes respectively. For tapping-mode images an Olympus-OMCL-AC160TS-C3 (Japan) cantilever with a spring constant of 26 N m^--1^ was used. For Peakforce mode a Bruker-SNL-10 tip with a spring constant of 0.35 N m^--1^ was used. The dry and swollen thickness of the poly(HEMA) brushes were measured by mechanically removing the films using plastic tweezers and subsequently measuring the step height between brushes and the underlying, bare substrate.

QCM (Q-Sense E4 instrument, Västra Frölunda, Sweden) equipped with Q-Soft 301 software (Q-Sense AB, Göteborg, Sweden) was used to monitor the growth kinetics of *p*-HEMA brushes from SiO~2~ coated sensors in real time. The instrument was coupled with a multi-position selection valve (Vici, model no.: EUHA, Serial no.: EUA08048, Valco Instruments, Houston, Texas, USA) and a peristaltic pump (Ismatec, Model no.: ISM827B, Serial no.: 0596214-1, Wertheim, Germany) to allow clean switching of the reaction mixtures.
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